As the most visible role of anthocyanins is to impart colors, the adaptive significance of anthocyanins in plant reproductive organs is invariably attributed to the attraction of seed dispersers and pollinators. However, few studies suggested that anthocyanins in vegetative tissue might also function in plant defence, although the evidence for such a function is not particularly strong. Here, we investigated whether anthocyanins contribute to fruit defence against fruit-rot fungi. We found that the risk of fruit-rot in grape varieties infected with Botrytis cinerea decreased with increasing anthocyanin contents. Moreover, anthocyanin contents directly inhibited growth rates of nine fruit-rot fungi on agar plates. Anthocyanins reduced fungal growth by 50% in the concentrations that typically characterise unripe blackberries and by 95% in the concentrations that typify ripe blackberries. We conclude that anthocyanins in fruits not only function to attract animal vectors, but that they also contribute to fruit defence. The antifungal activity of anthocyanins might more widely explain their occurrence in various plant organs such as vegetative tissue and roots.
The adaptive functions of non-green plant coloration have received increased interest in recent years [1] [2] [3] . Anthocyanins are among the most widespread and important plant pigments imparting red, blue or black colors. They are versatile pigments that fulfil multifarious protective roles in various plant tissues. In vegetative tissue, they may act as light screens protecting the photosynthetic apparatus against excess light because they absorb light in the blue/green region of the spectrum [4] . Owing to their capacity as strong antioxidants, they also function as free radical scavengers, and they may ameliorate stress responses that are associated with wounding as well as enhanced resistance against drought and freezing [5] [6] [7] .
In reproductive organs, the adaptive significance of anthocyanins is invariably attributed to the attraction of pollinators and seed dispersers because this is their most visible function in fruits and flowers. On one hand, this paradigm seems well justified in fleshy fruits given that anthocyanins are the most common fruit pigments that might mask other plant pigments such as carotenoids and chlorophyll [8] . On the other hand, the same study revealed that the conspicuousness of a fruit is unrelated to its anthocyanin contents according to a model of avian vision [8] . This model is in accordance with behavioural data showing that birds detect red fruits, which are characterised by low to moderate anthocyanin contents, from a longer distance than black fruits with high anthocyanin contents [9] . Taken together, both results challenged the longstanding paradigm that anthocyanins in fleshy fruits function primarily to attract seed dispersers. Given that black fruit color is generally thought to indicate bird-dispersal [10] , the adaptive significance of black fruits --which is perhaps the commonest fruit color with 30-40% of all fruits in temperate and tropical regions being black [11] --is still unexplained.
The puzzling prevalence of black fruits might be resolved if a broader perspective on plant-frugivore interactions is attained. There has been a growing awareness that the traits of fleshy fruits are not only a product of reciprocal selection pressures of plants and seed dispersers, but that they are also influenced by fruit antagonists such as herbivores, bacteria, and fungi [12] [13] [14] [15] . While bacteria and fungi are not the most obvious fruit consumers, they are present in virtually all habitats, they consume fruits without dispersing seeds and may thus have strong negative impact on plant fitness [16] . Although it may seem obvious that bacteria and fungi create strong selective pressures on fruit traits, their relative contribution to fruit chemistry in general, and to anthocyanin production in particular, is not well understood. A 3-deoxyanthocyanidin, apigeninidin, is known to reduce fungal and bacteria growth in vitro [17, 18] . However, since other attempts to show biological effects have largely been unsuccessful, a comprehensive review on the adaptive functions of anthocyanins concludes that the evidence for a defensive function against herbivores and pathogens is not very strong [19] .
The potential defensive role of anthocyanins is particularly interesting as theoretical papers postulated a defensive role [2, 20] , and anthocyanins are correlated with various deterrent secondary compounds owing to a common biosynthetic pathway [21, 22] . Feeding trials with herbivorous insects, however, showed that anthocyanins are not responsible for induced plant defences [23] . Rather they might accumulate in response to mechanical injury associated with herbivory or wounding to protect cells against oxidative stress [7] .
In order to understand the puzzling prevalence of black fruits, we investigated whether anthocyanins protect fruits against common antagonists, a variety of fruit fungi. We chose grapes as a model system because grape varieties differ strongly in anthocyanin contents. We first tested in vivo whether anthocyanin contents in grape varieties correlated with their resistance to fungi infection. To examine whether this correlative effect is caused by anthocyanins rather than other plant secondary metabolites, we extracted anthocyanins and tested the growth of various fungi on agar extracts differing in anthocyanin concentration.
We detected five anthocyanins in grapes, delphinidin-3-glucoside, cyanidin-3-glucoside, petunidin-3- glucoside, peonidin-3-glucoside, and malvidin-3-glucoside (see Table 1 ). The first two were absent from Pinot Gris, while the latter three were present in all varieties except for White Riesling, which had no anthocyanins at all. If Botrytis cinerea was applied to damaged grapes, anthocyanin contents correlated negatively with fungal infection rates (one-way ANOVA, F 3, 56 = 511.48, p< 0.001; Figure 2 ). Posthoc Scheffé tests revealed that White Riesling had higher infection rates than all other varieties (p<0.001), Pinot Gris had higher infection rates than Pinot Noir and Deckrot (p<0.05); the latter two varieties did not differ in infection rates (p>0.05).
The infection rates of damaged grapes that were not experimentally infected with B. cinerea also correlated with negatively anthocyanin contents (oneway ANOVA, F 3, 56 = 20.08, p< 0.001; Figure 2 ). In these grapes, White Riesling had higher infection rates than all the other varieties (p< 0.001), which did not differ in infection rates (p> 0.05). Undamaged grapes were rarely infected, with an overall mean infection of less than 1% (0.91% ± 0.31 mean ± S.E.). Consequently, infection rates of undamaged grapes did not differ between varieties (one-way ANOVA, F 3, 56 = 2.00, p> 0.05).
Anthocyanins had a strong anti-fungal effect in vitro, inhibiting radial mycelial growth of all nine fungi species tested. This inhibitory effect depended on the concentration of anthocyanins: the relative growth (area covered by mycelia on treatment agar divided by area covered on control agar) was much less on agar containing the high concentration of anthocyanins (from fully ripe blackberry fruits) than the lower concentration from unripe red blackberry fruits (Wilcoxon test, z= -2.04, p< 0.05). This effect persisted until at least 144h (z= -2.04, p< 0.05). The mean fungal growth rate on anthocyanin extracts from black fruits was only 5% of that on the control and 10% of that on anthocyanin extracts from red fruits ( Figure 3 ).
We have shown that the extent of fungal infection in damaged grapes correlated negatively with the anthocyanin contents of grape varieties. In our second experiment, we documented that anthocyanins reduced fungal growth by 50% in the concentrations that typically characterise red (unripe) blackberries and by 95% in the concentrations that typify ripe (black) blackberries. The direct involvement of anthocyanins in defence against attack by pathogens has been contentious because it was not well supported by experimental data [19, 24] . For example, Lo and Nicholson [25] reported that inoculation reduced light-induced anthocyanin accumulation in Sorghum mesocotyls. Recent studies, however, showed that anthocyanins accumulate after fungal infection [26, 27] , but this response is attributed to indirect effects of anthocyanins, e.g., those associated with their antioxidant activity [7] rather than direct antifungal activity of anthocyanins. It has likewise been difficult to separate the effects of anthocyanins from those of correlated compounds. Coley and Barone [28] reported that leaf-cutting ants, which cultivate fungi, discriminate against red leaves and against food laced with anthocyanic leaf extracts. They postulated thus that anthocyanins possess anti-fungal capacity, but they could not exclude that this effect is produced by correlated compounds in the leaf extracts.
Our experiments demonstrate that anthocyanins have strong antifungal activity because only anthocyanins, particularly one of the most common ones, cyanidin-3-glucoside, were more concentrated in the strong antifungal extract of black blackberries than in the extract of red blackberries which still reduced fungal growth by 50% relative to the control. Based on the results illustrated in Figure 1 and 3, we suggest that the relationship between anthocyanin concentrations and fungal growth is negative exponential rather than linear. This conjecture requires future verification, however. It has been known that the comparatively rare 3-deoxyanthocyanidin, apigeninidin, reduce fungal growth [17] , but our results show that also more widespread anthocyanins have antifungal activity.
In general, fruit rot in fruits is thought to be costly reducing seed dispersal [29, 30] . However, fruit-rot fungi vary in their toxicity to vertebrates and are therefore also likely to vary in their effects on plant fitness [29] . Although we did not quantify variation in fungi toxicity, we suggest that the strong general antifungal effect of anthocyanins might partly explain why anthocyanins accumulate in fruits during ripening. It is important to note, however, that anthocyanins only reduced the likelihood of fungal infection in grapes if the fruits were damaged. In undamaged fruits the mechanical barrier of the fruit skin provided effective protection against Botrytis cinerea infection. Given that black fruits have high concentrations of anthocyanins [31] and ripe fruits have higher nutritional value to microbes than do unripe fruits [32] , the antifungal effect of anthocyanins alone may account for why so many fruits turn black when ripe, or at least be one important reason for this coloration. Since cyanidin is the most common anthocyanin in fruits [33] , we predict that its anti-fungal activity and ecological role are widespread in black fruits. The anti-fungal effects of anthocyanins are not unexpected, based on consideration of their biosynthetic pathway. Anthocyanins share with condensed tannins the penultimate step in tannin synthesis [21, 22] . This is important because tannins are well known for their antimicrobial properties and, in particular, condensed tannins inhibit growth of B. cinerea [34] .
Experimental

Fungi infection in grapes:
To minimize environmental effects on fruit composition, we collected grapes from different grape varieties that were all grown on the same vineyard in Freiburg, Germany (48° N, 7°51 E). On the same day we collected 90 grapes from each variety, White Riesling, Pinot Gris, Pinot Noir, and Deckrot, a redfleshed cultivar derived from a Pinot Gris and Teinturier cross. We divided the 90 grapes into three equally-sized groups. In each group, 15 grapes were left untouched, while we punched a hole through the fruit skin in the other 15 grapes using a sterile needle. In one group, 0.1 mL of a solution of Botrytis cinerea spores (5000/mL) from a stock were positioned on top of the hole in the fruit skin of 15 grapes and at the same position on the 15 undamaged grapes. Grapes of the other two groups were not infected. All berries were incubated at 20°C.
We photographed each grape from a fixed distance after48h and 120h and calculated fungi growth as the area of the grape (in %) that was covered by mycelium or that had changed coloration to brown.
To assess the effects of anthocyanins we conducted several one-way ANOVAs with anthocyanin contents of each variety as a factor and the area infected by B. cinerea after 120h as dependent variable. The areas of damaged grapes that were experimentally infected with B. cinerea (group 1) were the dependent variable of the first ANOVA. In the second ANOVA, we analyzed the areas of damaged grapes that were not experimentally infected (group 2 and 3) to assess whether the contents of anthocyanins also correlate negatively with the risk of fungal infection in wounded grapes. In a third ANOVA, we analysed the individual infection areas of all grapes that were not damaged, as infection rates did not differ between groups that were experimentally infected with B. cinerea and groups that were not infected.
Anthocyanin analysis:
To analyse the anthocyanin contents of grapes, we isolated anthocyanins from samples that were collected the same day as the grapes in the experiment above. We performed two analyses of anthocyanin contents one for the entire fruit and one for fruit skin only because the skin usually contains particularly high amounts of anthocyanins. We conducted replicate analyses for Deckrot and report the mean of the two analyses in the results. For the second experiment that tested the effects of anthocyanins in vitro, we extracted anthocyanins from two different ripening stages, red (pre-ripe) and black (ripe) blackberries. We used blackberry extracts because they contain high concentrations of the most common anthocyanin in plants: cyanidin [31, 35] . Because this anthocyanin occurs in 50% of all fruits [33] , it is a likely candidate for a possible defensive function and our results can probably be generalized to many other species. Anthocyanins from grapes and blackberries were extracted using solid phase extraction on Amberlite XAD-7 as solid phase (Fluka, Buchs, Switzerland) and methanol and acetic acid (19:1, v/v) for extraction [36] . We characterized the extracts by HPLC with diode array and mass spectrometric detection [36] .
Characterization of blackberry extracts:
The only compounds that were more concentrated in extracts of black blackberries (compared to those of red blackberries) were anthocyanins (47.3 ± 1.4% vs. 6.2 ± 0.2%, respectively). As in previous analyses [e.g., 21], cyanidin 3-glucoside was the predominant anthocyanin, accounting for 83% of the anthocyanin fraction in black fruits and 46% in red fruits. Based on the total (and not relative) composition, cyanidin-3-glucoside represented 39.4 ± 1.2% of all compounds in black and 2.9 ± 0.08% in red extracts. Black and red extracts contained four other anthocyanins [see also 22]: cyanidin 3-rutinoside (black: 1.6 ± 0.05%; red: 0.5 ± 0.01% of total), cyanidin 3-xyloside (2.1 ± 0.06%; 0.2 ± 0.006%), cyanidin 3-(6''-malonyl glucoside) (1.3 ± 0.03%; 0.3 ± 0.009%) and cyanidin 3-(6''-dioxalylglucoside) (2.6 ± 0.07%; 2.1 ± 0.06%). In addition to anthocyanins, the extracts contained catechin, epicatechin, neochlorogenic acid (3-caffeoyl quinic acid), quercetin 3-glucoside, and quercetin 3-glucuronide. All of these compounds that were not anthocyanins had lower concentrations in the black than in the red extract. [38] . Species names from GenBank were used on a similarity value of 99% and greater.
Fungi growth on extracts:
We transferred a 0.3 mm 2 agar square with cultivated fungi to three types of sterile agars: SDA with anthocyanin extract from red (unripe) blackberries, SDA with extract from black (ripe) blackberries, and control SDA with no extract. Anthocyanin extracts were added to agar so that their relative proportions in agar matched those in fresh unripe (red) and ripe (black) blackberries (0.3% and 0.28%, respectively). We added extracts at 50°C to prevent thermal degradation of anthocyanins and in a small volume of 75% ethanol to maintain sterility of agars [see 37 ]. An equal volume of ethanol was added to control agars. For each of the three agar types, ten replicate agars were inoculated singly with nine fruit-rot fungi species (n = 270 tests). Radial mycelial growth was recorded after 48h and 144h; the response variable was the area of agar covered by fungi at that time. To assess the effects of anthocyanins, we compared the growth of fungi on agar plates with extracts of red and of black blackberries, respectively, relative to fungi growth on control agar plates. We compared the growth rate between the extracts of red and of black blackberries with Wilcoxon test.
